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Abstract
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Intensifying human land uses are leading to rapid changes in the fire regimes, with 
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2001 to 2014 to identify individual fires; summarizing four characteristics for each 
detected fire: size, ignition date, time since last fire and radiative power. Using satelŊ
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fire size and intensity but cumulative rainfall over several years leads to increased 
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and informally used as a management tool in many flammable ecoŊ
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exhibited by fire, the factors driving fire occurrence, and the extent to 
which fire characteristics can be manipulated is essential for the sucŊ
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widespread debate concerning fire management, with approaches 
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in the area burnt was dependent on rainfall and not management 
objectives, even though managers were able to influence the seaŊ
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dependent nature of fire, however, means that this finding may not 
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ies that document fire regimes and their drivers more widely and in 
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Examining the multidimensionality of fire is crucial in underŊ
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ample, individual fires can be characterized by their size, seasonality, 
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gimes are driven by environmental factors, but at finer scales human 
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increase the number of ignitions, and broaden the times of year when 
ignitions happen, but also inhibit fire spread by fragmenting landŊ
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ronmental conditions result in great variability in the motives behind 
anthropogenic burning, in the practice of how burns are applied, and 
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how people influence fire regimes is especially important given 
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frequently and the importance of fire for the ecology of the ecosystem 
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standing grass biomass and fuel loads, and, therefore, in larger and hotter fires. Our 
study reveals dramatic changes over time, with a reduction in total number of fires 
and total area burned, to the point where some areas now experience virtually no fire. 
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burned, especially in savannahs, and we caution that ecosystem functioning may have 
been compromised. Land managers and policy formulators need to factor in rapid fire 
regime modifications to achieve management objectives and maintain the ecological 
function of savannah ecosystems.
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rainfall and soil nutrients and comprises multiple management units 
with different fire management approaches. Consequently, there 
is great spatial variability in the drivers of fire across the ecosystem. 
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beest population consumed large quantities of grass biomass, leadŊ
ing to reductions in the total area burned each year, enhancing tree 
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wildebeest population stabilized at 1.3 million animals during the past 
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scale and causes of which are as yet undocumented.
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both across the ecosystem and within its component management 
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strong environmental gradients and differences in management apŊ
proaches will produce high variability in the observed patterns of fire 
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mary driver of these patterns and that human activities, particularly 
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influence on certain aspects of the fire regime.
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allow us to compare protected areas to the de facto land management 
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tected areas contain significant settlements within their boundaries. 
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localized approach, with most fires being lit by communal farmers.
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Soils are a proxy for nutrient availability and texture, playing an imŊ
portant role in determining vegetation structure and species compoŊ
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a soil type for each fire was extracted from the dominant soil field.
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fire.
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and is the medium through which drivers such as rainfall, soil type 
-m7 _;u0bou bm=Ѵ;m1; =bu;ĺ ;| rubl-u ruo71|bb| Őő bv -
useful measure of the local rate of accumulation of grass biomass 
Ő!mmbm];|-ѴĺķƑƏƏƓőĺ!-v|;uѴ-;uvo=-mm-Ѵ;u;7omѴo-7;7
=uol |_; -m7uo1;vv;v	bv|ub0|;71|b;u1_b;;m|u; vbm]
1_o!;;u0 bm |_; =oulo=	"Ɛ hl	Ɛƕƒ -m7 u-vŊ
ters of monthly gross primary productivity were downloaded from 
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point we computed the mean and rate of change in grass height. 
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filtered locations where radar scatter in the lower percentile was 
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grass height and grass growth rates across the Serengeti ecosystem 
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modelled and predicted height were both >0.9, sufficient for an 
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available here.
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distribution paths between points. Individual Brownian bridges for 
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of utilization values to remove areas with low probability of use 
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croachment along borders persists. Reliable and extensive data on 
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we, therefore, established the density of active bomas as a proxy 
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contrast between the colour of the substrate within the boma and 
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fenced perimeter delimiting the boma. Each boma may comprise mulŊ
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structure as a single boma rather than counting each cell individually 
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or more satellite images from different years overlapped. By visuŊ
ally counting the number of active bomas in each satellite image in 
the area of overlap, we could estimate the change in boma density 
through time and predict boma density across our study area and 
study period.
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as the unit of analysis to estimate the rate of change in boma denŊ
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would affect the rate of change in boma density, we interpolated the 
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rate of change in boma density from within protected areas and from 
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weighting values by distance, with management unit as an auxiliary 
variable, to predict the rate of change in boma density within proŊ
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products were a raster of the rate of change in boma density and 
a raster of the predicted boma density for each year of our study, 
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observations, that is, pixels which were not covered by two or more 
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single satellite image we counted the number of bomas within each 
pixel, if the pixel was not covered by a satellite image we randomly 
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boma density predicted by our model with the actual boma density 
in each no observation pixel.
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effect of rainfall on fire differs depending on the temporal scale 
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and vegetative moisture resulting in smaller and cooler fires, whilst 
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lated rainfall from the two rainfall years prior to the date of the fire 
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model.
ƑĺƑĺѶՊ|Պbu;7-|-
$_; 	" Őlo7;u-|; u;voѴ|bom bl-]bm] vr;1|uou-7bol;|;uő
1|b; bu; Ő	ƐƓő -m7 um;7 u;- ruo71|v Ő	ƓƔƐő
;u; o0|-bm;7 =uol |_; -m7 uo1;vv;v 	bv|ub0|;7 1|b;
u1_b;;m|u;-|ƔƏƏlu;voѴ|bom=ou|_;r;ubo7-m-uƑƏƏƐŋ
	;1;l0;uƑƏƐƓĺ);1ol0bm;7 |_;ruo71|v |o1u;-|;-7-|-v;|
of individual fires, their locations and associated fire characterŊ
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pixels that burned within 5 days of each other treated as a single 
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single spatial point, then we appended associated fire characterisŊ
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the earliest date within a fire and was split into the calendar year 
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more ecologically meaningful than a calendar year, as it contains a 
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burned before a given fire. Because a pixel had to burn twice before 
a time since last fire value could be calculated, fires early in the 
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fire radiative power value due to differences in the detection probŊ
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the time of the satellite overpass and burn scars are not always deŊ
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which biases our dataset towards larger and, therefore, potentially 
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spatial bias, only noise.
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tional autoregressive modelling approach using an integrated nested 
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models have been found to perform well compared to spatial regresŊ
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fitted a stochastic partial differential equation model for each fire 
characteristic, explaining the characteristic as a function of rainfall 
and predicted boma density, wildebeest utilization, slope, elevaŊ
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account for correlations between fire characteristics, we included 
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cumulative rainfall from the beginning of the previous rainfall year to 
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cept cumulative rainfall, which had both linear and quadratic terms, 
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fect of grazing on grass structure in the months preceding a fire, we 
included wildebeest distribution as a cumulative total for the month 
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95% credible intervals to assess support for the effect of each coŊ
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annual trends across the whole ecosystem and conducted a spaŊ
tially explicit analysis that calculated the rate of change in each fire 
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of change we aggregated the characteristics for all the fires in each 
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change in each pixel over the period 20012014, and to predict a 
baseline area burnt for each pixel in 2001.
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the rate of change in boma density, management unit, the mean and 
rate of change of annual rainfall and the baseline area burned in each 
pixel as predictors. Baseline area burned determines the capacity for 
the burned area of a pixel to change, whilst mean annual rainfall deŊ
termines the resilience of a pixel to any changes in the mean annual 
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our management covariate, used diagnostic plots to assess whether 
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entiate the influence of two significant covariates on the area burnt: 
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test our assumptions that higher predicted boma density decreased 
grass height but not grass growth rates.
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areas and the buffer zone. In the buffer zone the median area burnt 
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fire varied widely, with a maximum of 13.1 years and a minimum 
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unburnt for the duration of the study, meaning the maximum time 
since last fire exceeds the 14 year duration of the study. Overall, 
21.7%, 57.6% and 70.8% of fires occurred within 1, 2 and 3 years of 
the preceding previous fire, respectively, although some areas burnt 
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rѴ-bmv-u;1Ѵ;-uѴ7bv|bm1|=uol|_;vuuom7bm]Ѵ-m7v1-r;Őb]u;Ɠ;őĺ
bu;v;u;lov|bm|;mv;bm|_;mou|_ŋ;v|Őb]u;Ɠ=ő_;u;|_;u;-v
-Ѵvo _b]_;u -ub-0bѴb| bm b]mb|bom 7-|; Őb]u; "Ƒ1őĺ $_;u;;u; ruoŊ
nounced differences in the number of fires and area burned across 
l-m-];l;m|mb|vĺ)_bѴv| |_; |o|-Ѵ -u;-0um| -m7 |o|-Ѵ ml0;uo=
fires are a function of the area of each management unit, management 
mb|v|o|_;;v|Ő"ķul;|bķ-v--m7b0-ő_-70o|_-]u;-|;u
area burned and number of fires when expressed as a proportion of 
|_;buѴ-m7-u;-Őb]u;"ƒőĺ
ƒĺƑՊ|Պ$;lrou-Ѵ|u;m7v
$_;ml0;uo==bu;v-ub;70;|;;mƓƕƓ-m7ƐķƓƔѵr;u;-uķ-m7|_;
-u;-0um;7-ub;70;|;;mƑķѶƐƖ-m7ƐƒķƏƐƕhl2ŐƕĺѶѷŋƒƔĺƖѷőr;u
;-uĺ$_;Ѵ-u];v|ƐƏѷo==bu;v-11om|;7=ouѵƐĺѶѷŋѶƕĺƑѷŐl;7b-m
ƕƕĺƔѷőo=|_;-u;-0um|;-1_;-uĺ$_;u;-v-v|uom]rovb|b;1ouŊ
relation between the total number of fires and the total area burned 
;-1_;-uŐpƺƏĺƏƏƐķr2 = 0.82, dfƷƐƑőķmo1ouu;Ѵ-|bom0;|;;m|_;
median size of the largest 10% of fires and the area burned annually 
Őp = 0.63, r2 = 0.02, dfƷƐƑő-m7mo1ouu;Ѵ-|bom0;|;;m|_;l;7b-m
fire size of the largest 10% of fires and the total number of fires anŊ
m-ѴѴŐp = 0.70, r2 = 0.01, dfƷƐƑőĺ
$_;u; -v - ƓƏѷ 7;1Ѵbm; bm |_; ml0;u o= =bu;v -mm-ѴѴ
Őp = 0.03, r2 = 0.33, dfƷƐƑő Őb]u;Ɣ-ő0;|;;mƑƏƏƐ-m7ƑƏƐƓķ
b|_-ƒƖѷ7;1u;-v;bm|_;-u;-0um|-mm-ѴѴŐp = 0.07, r2 = 0.25, 
df Ʒ ƐƑő Őb]u; Ɣ0őĺ ;7b-m =bu; vb; o= |_; Ѵ-u];v| ƐƏѷ o= =bu;v
Őp = 0.58, r2 = 0.03, dfƷƐƑőŐb]u;Ɣ1ő-m7u-7b-|b;ro;uŐp = 0.97, 
r2 = 0.0001, df Ʒ ƐƑő Őb]u; Ɣ=ő 7b7 mo| 1_-m]; o;u |_bv r;ubo7ķ
0| =bu;v 0um;7 ;-uѴb;u bm |_; ;-u Őp = 0.004, r2 = 0.5, df Ʒ ƐƑő
Őb]u;Ɣ7őĺ$_;bm1u;-v;bm|bl;vbm1;Ѵ-v|=bu;Őp = 0.009, r2 = 0.44, 
dfƷƐƑőŐb]u;Ɣ;őbvѴbh;Ѵ-m-u|;=-1|o=oul;|_o7vķ-vl-bll
time since last fire increases with study duration.
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Ő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-m7-v-v_obm]movb]mb=b1-m|1_-m];ĺ)_bѴv|=bu;
size did not decline across the ecosystem as a whole, there were 
vb]mb=b1-m|7;1Ѵbm;vbm=bu;vb;bm]ouom]ouo-m7bm|_;0==;uom;ĺ
$bl;vbm1; Ѵ-v| =bu; bm1u;-v;7vb]mb=b1-m|Ѵ bm-ѴѴl-m-];l;m|mb|v
;1;r|-v-ķ -m7 =bu; u-7b-|b; ro;u bm1u;-v;7 vb]mb=b1-m|Ѵ bm
b0-Ő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ƒĺƒՊ|Պ"r-|b-Ѵ7ub;uvo==bu;
Our models suggest that both monthly and cumulative rainfall 
7ub; =bu; bm |_; ";u;m];|bŊ-u-ĺ $_; u;vѴ|v vrrou| - Ѵbmh 0;Ŋ
|;;m _b]_;u lom|_Ѵ u-bm=-ѴѴ -m7 vl-ѴѴ;u =bu;vķ lom|_Ѵ 
Ő_b1_bvѴbmh;7|olom|_Ѵu-bm=-ѴѴ-m7=;Ѵlobv|u;őb|_vl-ѴѴ;u
and cooler fires and also suggested higher monthly rainfall shifted 
=bu;vѴ-|;ubm|o|_;;-uŐb]u;ƕĸb]u;"Ɣőĺ$_;;==;1|o=1lѴ-Ŋ
|b;u-bm=-ѴѴ-vmomŊѴbm;-uĹ0o|__b]_-m7Ѵo1lѴ-|b;u-bm=-ѴѴ
result in fires occurring later in the year, but also in shorter times 
since last fire. Our models also suggested that fires were smaller 
in areas with high boma7;mvb|Őb]u;ѵ7ķ;ő-m7_b]_bѴ7;0;;v|
|bѴb-|bomŐb]u;Ѷőķ-m77;|;1|;7hmoml;|_o7oѴo]b1-Ѵbvv;v
b|_	"7-|-ķv1_-vv]];v|bm]|_-|Ѵ-u];u=bu;v_-7_b]_;u
fire radiative power, and that time since last fire increased with 
;-uŐb]u;"Ɣőĺ
ƒĺƓՊ|Պ$;lrou-Ѵ7ub;uvo==bu;
); b7;m|b=b;7 ƑƕķƐƓƔ hl2 ŐƕƓĺƕѷ o= ou v|7 -u;-ő _;u; |o
oulou;v-|;ѴѴb|; bl-];v=uol7b==;u;m|;-uvo;uѴ-rr;7ĺ)b|_bm
these areas we recorded 55,940 bomas in satellite images dating 
=uolƑƏƏƐ|oƑƏƐƕĺ$_;_b]_;v|boma density for an area of overŊ
lap in a single year was 56.4 bomasņhl2, while large areas conŊ
tained no bomas|_uo]_o||_;v|7r;ubo7ĺ$_;|u;m7vbmboma 
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density over time differed widely, with some pixels increasing at 
a rate of 1.53 bomashlƴƑ yearƴƐ and others decreasing at a rate 
of 0.55 bomashlƴƑ yearƴƐŐb]u;ѵ1ŋ;őĺ(;ub=b1-|bomo=|_;u;vѴ|v
of our model of boma density found a significant positive correŊ
lation between predicted and actual boma7;mvb| Őp = 0.00258, 
r2 = 0.22, dfƷƒƕőķ0||_;u-|boo=ru;7b1|;7|o-1|-Ѵboma density 
-v ƔĹƐĺ  vbm]Ѵ; o|Ѵb;uķ_b1_-v vrѴb| -Ѵlov| ;-1|Ѵ ;t-ѴѴ
0;|;;m--v-b-u- -m7 |_; 0==;u om;ķ -v ;1Ѵ7;7 =uol
|_;-m-Ѵvbvĺ);=om7-vb]mb=b1-m|m;]-|b;1ouu;Ѵ-|bom0;|;;m
boma7;mvb|-m7]u-vv_;b]_|ŐpƷƺƏĺƏƏƏƐķr2 = 0.01, dfƷƐƑķƒƐƔő
and a significant positive correlation between boma density and 
]u-vv]uo|_u-|;vŐpƷƺƏĺƏƏƏƐķr2 = 0.008, dfƷƐƑķƒƐƔőĺ
Our model estimated that an increase of 0.002 bomas hlƴƑ 
yearƴƐ was associated with a 9.6% decline in the area burned in 
;-1_1;ѴѴr;u;-uĺ);=om7|_-|l;-m-mm-Ѵu-bm=-ѴѴ bm1u;-v;7
bmƕƒѷo=rb;ѴvŐb]u;ѵ-ő-m7_-7-rovb|b;;==;1|om|_;-u;-
0um|ĺrov|_o1$h;Ľv|;v|=om7mo7b==;u;m1;bm|_;u;Ѵ-|bomŊ
ship between area burnt and boma7;mvb|0;|;;mul;|bķ"
-m7-v-ķ mo7b==;u;m1;0;|;;mķ oѴbom7o -m7 |_;0=Ŋ
=;uom;ķmo7b==;u;m1;0;|;;m--v-b-u--m7|_;0==;uom;
-m7 mo 7b==;u;m1; 0;|;;m b0- -m7 -m o|_;u l-m-];l;m|
-u;- Őb]u; Ɩőĺ $_; u-|; o= 1_-m]; bm -u;- 0um| bm - rb;Ѵ -v
strongly positively correlated with both the rate of change in size 
ŐpƺƏĺƏƏƐķr2 = 0.66, dfƷƐķƏѵѵő-m7|_;u-|;o=1_-m];bmml0;u
o= =bu;v Őp ƺƏĺƏƏƐķ r2 = 0.42, df ƷƐķƏѵѵőĺ $_; u-|;o= 1_-m]; bm
boma density, rate of change in mean annual rainfall, management 
unit and the baseline area burnt were all significant predictors of 
|_;u-|;o=1_-m];bm|_;-u;-0um|ĺ$_;u;;u;vb]mb=b1-m|bm|;uŊ
actions between the rate of change in boma density, mean annual 
rainfall and baseline area burnt, and between the rate of change in 
l;-m-mm-Ѵu-bm=-ѴѴ-m7l;-m-mm-Ѵu-bm=-ѴѴŐ$-0Ѵ;"Ƒőĺ
ƓՊ |Պ	"&""
); ruob7; |_; =buv| 1olru;_;mvb; vr-|b-Ѵ -m7 |;lrou-Ѵ -vv;vvŊ
l;m| o= =bu; u;]bl;v -1uovv |_;b7;u ";u;m];|bŊ-u- ;1ovv|;lĺ
bu;vb;ķ v;-vomķ u-7b-|b;ro;u-m7 =u;t;m1-ub;7-1uovv |_;
v|7 -u;- -m7;u; v|uom]Ѵ Ѵbmh;7 |o7b==;u;m1;v bm u-bm=-ѴѴ -m7ķ
to a lesser extent, grazing. Spatial patterns in fire characteristics 
;u;_b]_Ѵ-ub-0Ѵ;-1uovv|_;";u;m];|bŊ-u-ķu;=Ѵ;1|bm]|_;vvŊ
|;lĽvv|uom];mbuoml;m|-Ѵ]u-7b;m|vŐ	;lr;oѴ=;|-ѴĺķƑƏƏƕőĺ$_;
rubm1br-Ѵ;==;1|o=|_;";u;m];|bŊ-u-Ľv0blo7-Ѵu-bm=-ѴѴr-||;um];mŊ
erates bimodal fire seasonality with fewer fires in wetter months. 
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fires occurring in those months, presumably due to the dampening 
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occurred later in areas of both high and low cumulative rainfall. 
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high rainfall areas remain wetter for longer periods, resulting in fires 
that occur later into the long dry season, whilst low rainfall areas 
remain dry for longer periods, resulting in fires occurring for longer 
at the end of the long dry season. Our findings concur with other 
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of cumulative rainfall on grass growth rates is primarily responsible 
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contrast, rainfall immediately preceding the date of a fire increases 
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trasting spatial patterns in the temporal trends that might have 
been obscured by a larger scale analysis, emphasising that fire 
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in modified ecologies.
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area burnt: changes in rainfall, changes in management regimes and 
increased wildebeest numbers. Rainfall increased across most of the 
ecosystem during our study period and this increase in rainfall had 
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rect impacts, particularly on fire size and season, but the profusion 
of sources of ignition limits managers ability to alter the total area 
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area burnt was a function of rainfall and largely independent of fire 
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observe a temporal change in the number of fires or total area burnt 
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that direct fire suppression by managers could be responsible for 
such large decreases in the area burnt.
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creased in abundance roughly sixfold, resulting in a reduction in 
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increase in the wildebeest population accounts for the reduction 
in the area burnt that we observed. It is possible that localized 
changes in the distribution of wild grazers mediate the fire regime 
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changed within our study period, leading to changes in manageŊ
ment approaches to burning and the intensity of other intervenŊ
tions. In Grumeti there was a fourfold increase in the biomass of 
resident wild herbivores between 2003 and 2015, including a tenŊ
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reproduction alone and must, therefore, be caused by movement 
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indicating that dispersal may drive local increases and decreases in 
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nificant change in any of the six characteristics of the fire regime 
we examined, suggesting that either the increase in wild herbivore 
abundance was having no effect, perhaps because the areas high 
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offset by other management actions, such as the exclusion of catŊ
tle encroachment and the manipulation of fire ignitions, size and 
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dance it is impossible to test this quantitatively, but it is clear that 
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that these shifts and interactions with other ecosystem drivers will 
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area burnt over our study period. By consuming grass biomass, 
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spread to the point where they are not large enough to be deŊ
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and highlighting the importance of fuel loads over ignitions in saŊ
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boma density and the area burnt differed depending on whether 
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ment activity which alters the fuel load will automatically alter fire, 
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results suggest that management decisions and actions related to 
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decline in the area burnt as wild herbivore numbers increased 
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than seasonal grazing by migratory wild herbivores. Our findings 
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Overgrazing is politically loaded term frequently cited as 
a cause of degradation in savannah and grassland ecosystems 
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ification of fire regimes, and specific characteristics of fire, to this 
Ѵbv|Őu1_b0-Ѵ7;|-ѴĺķƑƏƐƑĸ;lrvom;|-ѴĺķƑƏƐѶőĺm|_;0==;uom;
-m7r-u|vo=]ouom]ouo-m7oѴbom7o|_;-u;-0um|_-v0;;mu;Ŋ
71;7|obu|-ѴѴ;uoĺ$_bv;1Ѵvbomo==bu;u;ru;v;m|v-v0v|-mŊ
tial shift in the dominant driver of spatial heterogeneity in these 
areas, a shift which is outside the range of variation with which this 
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productivity in terms of pastoralism and tourism; the two principal 
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ties in some areas may be too high for savannahs to persist in their 
1uu;m|v|-|;ĺ$_;u;bvķ|_;u;=ou;ķ-mu];m|m;;7|ou;Ŋ;-Ѵ-|;|_;
condition of and approaches to management for these areas to enŊ
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Our findings are consistent with studies reporting a global decline 
in the area burnt and raising concerns about the impact this decline 
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possible consequence of a decline in the area burnt is the increase in 
understorey tree and bush recruitment recently documented in the 
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may already have been substantially modified and the widespread 
decreasing trend in the number of fires and the area burnt indicates 
other areas require close monitoring to achieve the desired manŊ
agement outputs. If periodic burning is incorporated into an explicit 
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more fires and a larger total area burnt. Our findings underscore the 
importance of managers monitoring fire, using the information they 
gather to inform future management decisions and to develop fire 
regimes that promote management objectives and contribute to the 
spatiotemporal resiliency of the savannah ecosystems in the region.
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